In this study, we investigate the associations of objectively measured waking (sedentary, light physical activity [LPA] and moderate-to-vigorous physical activity [MVPA]) and sleep duration and quality characteristics with cardiometabolic risk among older women. Participants from the Healthy Women Study 2010-11 follow-up visit (n = 136, age = 73 ± 2 years, white = 91.9%) concurrently wore an ActiGraph GT1M accelerometer and Actiwatch-2 for seven days. A composite cardiometabolic risk score was calculated by transforming metabolic syndrome (MetS) components and summing z-scores. Multivariable regression models were fitted to relate waking and sleep estimates with the MetS z-score after adjustment for covariates. Compositional data analysis was used to predict the MetS z-score when fixed durations of time were reallocated from one characteristic to another. MVPA (per 10 min/day increase; β = −7.80, P < 0.01), LPA (per 30 min/day increase; β = −0.29, P = 0.04), and sleep efficiency (β = −0.10, P = 0.04) were inversely associated with MetS z-score, while sedentary time (per 30 min/day increase; β = 0.34, P = 0.01) was positively associated with MetS z-score. Reallocation of 5 min from MVPA to sleep, sedentary, or LPA resulted in the greatest predicted change in MetS zscore. On average, the reallocation of 5 min from MVPA to other characteristics predicted an 11% increase in triglycerides, 6% decrease in HDL-C, and 5% increase in waist circumference. Lastly, reallocating 30 min of sedentary time to LPA was associated with a modestly lower predicted MetS z-score. This study suggests that MVPA is the most important contributor of MetS and that maintaining MVPA and increasing LPA may be beneficial for reducing cardiometabolic risk among older women.
Introduction
Presence of metabolic syndrome (MetS) is closely associated with the development of type 2 diabetes mellitus and CVD (Meigs, 2000) . Evidence suggests that MetS disproportionality affects older adults; with rates estimated to be three times higher than that of young adults in the U.S. population (Ford et al., 2002) . In particular, MetS prevalence is higher among older women, compared to older men in the U.S. (58% and 47%, respectively) (Ford et al., 2002 ). Yet, limited evidence exists examining how changes in modifiable risk factors may influence MetS risk in older women.
Low levels of (or inadequate) physical activity is a known modifiable risk factor for MetS (Laaksonen et al., 2002; Healy et al., 2008) . Age and sex disparities in physical activity have been reported among U.S. adults, with approximately 50.2% of women (53.1% for men) (Centers for Disease Control and Prevention, 2011) and only 21.9% of women aged ≥65 years (33.9% for men aged ≥65 years) meeting physical activity guidelines (Keadle et al., 2016) . Sleep duration and quality have also emerged as modifiable risk factors for MetS (Jennings et al., 2007; Hall et al., 2008; Okubo et al., 2014) . Evidence suggests that metrics of both sleep duration and quality are directly associated with the prevalence of MetS in middle-aged adults (Jennings et al., 2007; Hall et al., 2008; Okubo et al., 2014) . Prior studies have reported that older women are susceptible to inadequate sleep duration, poor sleep quality, and sleep disorders including sleep apnea, restless leg syndrome, and circadian rhythm sleep disorders (Vitiello et al., 2004) . A number of studies have shown independent associations of waking (i.e., sedentary behavior and physical activity) and sleep duration and quality characteristics with cardiometabolic risk factors in middle-aged populations (Jennings et al., 2007; Hall et al., 2012; Coughlin et al., 2004) . However, few studies have examined the associations of both waking and sleep characteristics with cardiometabolic risk factors in older women. Further, studies reporting on the duration of sleep and waking behaviors, including sedentary, light intensity (LPA), and moderate to vigorous intensity physical activity (MVPA), typically report results using traditional models that assume time spent in one behavior is independent of time spent in other behaviors, when in fact these behaviors are co-dependent when conceptualized as behaviors comprising the 24-hour sleep-wake or activity cycle (Chastin et al., 2015) . Hence, analysis of these behaviors requires models that can incorporate these dependencies. Lastly, most studies use self-reported questionnaires that are subject to considerable recall and response bias (Sallis and Saelens, 2000) . Without objectively determined measures of waking and sleep characteristics, it is likely that associations with metabolic risk reported in the literature are biased towards the null.
The present study sought to 1) examine the independent associations of objectively measured waking and sleep characteristics with MetS among older women using traditional multivariable regression analysis and 2) to determine the combined association of time (minutes) spent in daily behaviors (sleep, sedentary, LPA, and MVPA) with MetS among older women, using compositional data analysis.
Methods

Study participants
A detailed overview of the Healthy Women Study is provided in the Supplementary Methods section. For this study, participants were eligible if they participated in an ancillary study during the 2010-2011 cycle to collect objectively measured physical activity and sleep data. A total of 166 participants participated in this ancillary study during the EBT4 cycle, and 144 participants reported valid ActiGraph and Actiwatch accelerometer data. Of these, 8 participants who had missing values on any components of MetS were excluded from the analysis leaving a final analytical sample of 136 participants included in this study. All participants provided written informed consent and the protocol was approved by the University of Pittsburgh institutional review board.
Objective assessment of waking and sleep behaviors and characteristics
Assessment of waking and sleep behaviors in the Healthy Women Study has been previously described (Lambiase et al., 2013; Gabriel et al., 2013) and is described in detail in the Supplementary Methods. In brief, participants concurrently wore an ActiGraph GT1M accelerometer (Physical activity; Pensacola, FL) on the dominant hip and Actiwatch-2 (Sleep; Mini Mitter Division of Respironics Inc.) for seven consecutive days. During this time, participants also completed a comprehensive sleep diary, including recording clock times corresponding to time in and out of bed. Once the devices were returned to study personnel, data from the ActiGraph and Actiwatch were downloaded using proprietary software. Data files from both devices were expressed as 60-second epochs (or intervals) and summary variables were obtained using standard algorithms for the waking and sleep periods.
Cardiometabolic risk factors and MetS z-score
Waist circumference was measured in the standing position at the navel using a fiberglass retractable tape measure. Blood pressure was measured using the Multiple Risk Factor Intervention Trial protocol (MRFIT) (Sherwin et al., 1996) . Total cholesterol, high-density lipoprotein cholesterol (HDL-C), triglycerides, and fasting serum glucose concentrations were measured by conventional enzymatic methods from a 12-hour fasting blood sample. We categorized cardiometabolic risk factors based on the National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III) guidelines for women (Cholesterol, 2001) . The presence of more than three of the following five criteria defined presence of MetS: (1) waist circumference ≥88 cm, (2) blood pressure ≥130 mm Hg systolic blood pressure (SBP), ≥85 mm Hg diastolic blood pressure (DBP); (3) fasting serum glucose ≥100 mg/dL; (4) serum triglycerides ≥150 mg/dL; and (5) HDL-C ≤50 mg/dL. To examine the association of waking and sleep characteristics and cardiometabolic risk factors, a composite cardiometabolic risk score was calculated by transforming cardiometabolic risk factors into z-scores. Each component of MetS was standardized by subtracting the sample mean from the individual value and dividing by the standard deviation (Henry et al., 2009; Grundy et al., 2005) . The HDL-C z-score was inverted to indicate increasing risk with increasing value. Mid-blood pressure, defined as (SBP + DBP)/2, was calculated for BP measures and then, we summed z-scores to create a continuous MetS z-score (Yang et al., 2008; Lau et al., 2015) . It has been suggested that continuous scores would be more sensitive to both small and large changes and less susceptible to errors than dichotomous approaches (Ragland, 1992) .
Covariate measures
Data on potential confounding factors was collected using self-reported questionnaires at EBT4 visit. Potential confounders included age, race, educational attainment, use of anti-hypertensive medications, use of lipid-lowering medications, and accelerometer wear time. Wear time was extracted from ActiGraph data. As most participants were White (91.9%), race status was classified as White or non-White. Participants were classified into one of three education attainment groups based on the highest grade level completed (high school degree or less, some college/vocational training, or college or higher) for analysis. We did not adjust for smoking because all participants included in the analytic sample were classified as non-smokers via selfreport at the EBT4 visit.
Statistical analysis
Categorical variables are reported as frequencies and proportions and continuous variables are reported as means ± (SD). T-values and Cohen's d effect sizes ([M i -M j ]/SD pooled ) were reported for the significant differences to indicate the magnitude of the differences (Cohen et al., 2003) . Multivariable linear regression was used to relate objective waking and sleep characteristics (independent variables) to MetS zscore (dependent variable). Initial multivariable models examined independent associations of waking and sleep characteristics with MetS, after adjusting for age, race, educational attainment, accelerometer wear time, use of anti-hypertensive, and use of lipid-lowering medications. We additionally examined the association of waking and sleep characteristics with odds of MetS, and individual components meeting MetS criteria, using logistic regression models adjusting for the same covariates. Prior to analysis, MVPA was log-transformed to normalize its distributions. Residuals were tested for homoscedasticity, linearity, and independence. Standardized beta coefficients (std. β), and 95% confidence intervals (CI) for each characteristic were derived from the models and used to evaluate the relative importance of each waking and sleep characteristics in the models.
Compositional data analysis was conducted using the R package 'compositions' (van den Boogaart and Tolosana-Delgado, 2008) . Compositional behaviors included minutes per day of sleep, sedentary, LPA, and MVPA and were scaled to the proportion of total minutes in a day. Compositional data were subject to an isometric log-ratio transformation and represented as isometric log-ratio co-ordinates. The log-ratio methodology allows the use of standard statistical methods on transformed data and subsequent translation of results back into the original units (Chastin et al., 2015) . Geometric means of each composition element were calculated and adjusted to a sum of 1440 min to determine the average minutes per day engaged in each respective behavior (Fairclough et al., 2017) . A variation matrix was calculated to determine the variation between composition elements. Lower values in the variation matrix imply greater proportionality (e.g. co-dependence) of two elements. Multivariable linear regression model parameters were generated to determine the significance of the association between the isometric log-ratio co-ordinates (single composition as the independent variable) with MetS z-score and MetS components (dependent variables) in a model adjusting for age, race, education, use of anti-hypertensive medications, and use of lipid-lowering medications. Isotemporal substitution analyses were then used to predict the difference in MetS z-score, and each MetS z-score component when a fixed duration of time spent in one behavior was reallocated to another behavior (separate models for each hypothetical time replacement scenario). All models were adjusted for the covariates described above. The difference in the predicted outcomes was calculated by simple subtraction of the new composition (time reallocation) from the mean composition (mean time spent in respective behaviors). We conducted a sensitivity analysis by combining the duration of LPA and MVPA into a total physical activity estimate to examine the association of total physical activity, regardless of intensity level, on overall metabolic health in our sample.
An alpha level of 0.05 was used for all analyses. A 2-sided value of P ≤ 0.05 was considered statistically significant for all models. All analyses were performed using SAS software version 9.4 (SAS Institute Inc, Cary, NC) and R version 3.5.1 run on RStudio (version 1.0.153, RStudio: Integrated Development for R. RStudio, Inc., Boston, MA).
Results
Participant characteristics
Of the 245 women who attended the EBT4 visit, 166 participants (67.8%) completed an accelerometer ancillary study. No statistically significant differences were observed between participants who completed the accelerometer ancillary study compared to those who did not participate (n = 79, Supplement Table 2 displays the independent associations of all waking and sleep characteristics with MetS z-score. After adjusting for age, race, educational attainment, accelerometer wear time, use of anti-hypertensive, and use of lipid-lowering medications, 10 min per day increase in MVPA (log-transformed) was associated with 7.80 unit decrease in MetS z-score (P < 0.01). Additionally, 30 min per day increase in LPA was associated with a 0.29 unit decrease in MetS zscore (all P < 0.05). In contrast, 30 min per day increase in sedentary time was associated with a 0.34 unit increase in MetS z-score (P = 0.01). Following adjustment for the same covariates, sleep efficiency was the only sleep measure that had a statistically significant (inverse) association with MetS z-score (P = 0.04). In multivariable logistic regression models (MetS vs. no MetS), a 10 min/day increase in MVPA and higher sleep efficiency were associated with a lower odds of MetS (Supplementary Table 2 ). MVPA (10 min/day increase) and sleep efficiency (1% increase) were inversely associated with odds of having waist circumference above 88 cm. Additionally, LPA (30 min/day increase) was inversely associated with odds of hypertension while sedentary time (30 min/day increase) was positively associated with odds of hypertension (see Table, Supplementary Tables 3-7) . Additionally, results from the sensitivity analysis were similar when we combined LPA and MVPA to examine the relations using total physical activity as the independent variable (Supplementary Table 8 ).
Independent associations of waking and sleep characteristics with MetS z-score
Isotemporal substitution compositional data analysis
Compositional means of time spent in each behavior are displayed in Table 3 . On average participants were sedentary for just over 50% of a 24-hour period and spent approximately 28% of the time sleeping. While participants spent approximately 20% of time engaged in LPA, on average they were only engaged in MVPA approximately 0.5% of the time. Time spent sleeping and sedentary exhibited a high (< 0.08) codependence with each other (Table 4) . Whereas, time spent in MVPA exhibited the least co-dependence with other behaviors. The model parameters from multivariable linear regression indicated that the isometric log-ratio co-ordinates (single variable) and use of lipid-lowering medications, had the strongest associations with MetS z-score (Supplementary Table 9 ). The isometric co-ordinates were additionally significantly associated with waist circumference, HDL-C, and triglycerides (Supplementary Table 9 ).
The mean proportion of time spent in MVPA was less than 0.005 (7.2 min). Therefore, we evaluated 5 min of time reallocation to and from MVPA to other behaviors. For sedentary time, LPA, and sleep, we evaluated 30 min of time reallocation among these behaviors. The predicted differences in MetS z-score following hypothetical time reallocation from one characteristic to another are displayed in Table 5 . Overall, the largest predicted difference in MetS z-score was observed when 5 min of MVPA was replaced by 5 min of other behaviors (LPA, sedentary, or sleep) . This resulted in a predicted increase of approximately 1-unit in the MetS z-score (Table 5 ). The association was asymmetrical showing a change of lower magnitude when 5 min of other behaviors were reallocated to MVPA (Fig. 1) . Reallocation of 30 min of LPA and sleep to the sedentary time predicted increases in MetS z-score by 0.11 units and 0.05 units respectively. These associations were symmetrical with the opposite reallocations predicting similar decreases in MetS z-score (−0.11 and −0.05, respectively). Additionally, we observed similar results when LPA and MVPA combined for the sensitivity analysis (Supplementary Table 10 ).
Similar to our results with MetS z-score, the largest predicted differences of the individual MetS components was largely with the reallocation of 5 min from MVPA to other behaviors (Table 5 ). The hypothetical time reallocation of MVPA suggested the largest changes for concentrations of blood lipids (triglycerides and HDL-C) and waist circumference. On average the reallocation of 5 min from MVPA to other behaviors predicted an approximately 11% higher blood triglyceride concentrations, a 6% lower HDL-C concentrations, and a 5% higher waist circumference (Supplementary Fig. 1 ). These associations 12.6 ± 9.8 13.8 ± 9.6 12.1 ± 9.9 0.36 Fragmentation Index 29.9 ± 11.5 32.6 ± 11.7 28.6 ± 11.3 0.06
Abbreviations: MetS, metabolic syndrome; CVD, cardiovascular disease; BMI, body mass index; LDL-c, low-density lipoprotein cholesterol; WC, waist circumference; HDL-c, high-density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; LPA, light intensity physical activity; MVPA, moderate to vigorous physical Activity; WASO, wake after sleep onset. Note: Values are mean ± standard deviation (SD) unless otherwise indicated; Freedson's cut point was used to define the accelerometer-based physical activity estimates; We used a t-test to compare the means of continuous variables between groups and the chi-square test or Fisher's exact test for comparisons of categorical variables between groups; *P < 0.05. Abbreviations: LPA, light physical activity; MVPA, moderate to vigorous physical activity. Note: Values closer to zero indicated that the times spent in the two behaviors included in the ratio were highly co-dependent.
J. Lee, et al. Preventive Medicine Reports 18 (2020) 101071 were again asymmetrical with the reallocation of 5 min from other behaviors to MVPA having smaller associations (approximately 4% lower triglycerides, 3% higher HDL, and 2% lower waist circumference). The reallocation of 30 min from time spent sedentary or time sleeping to LPA predicted the largest decrease in SBP (approximately 1.5% lower). This association was symmetrical with the opposite reallocation predicting similar increases in SBP.
Discussion
Principal findings
In the present study, we examined the associations of objectively measured waking and sleep characteristics with cardiometabolic risk using traditional regression modeling and isotemporal substitution compositional data analysis in a sample of older women. In our traditional multivariable regression analysis, we found that a 10 min/day increase in MVPA had the strongest inverse association with MetS zscore. Our isotemporal substitution compositional data analysis added to this finding by indicating that the hypothetical reallocation of time away from MVPA, to other waking behaviors, had the largest impact on change in MetS z-score. This association was the most pronounced for triglycerides, HDL-C, and waist circumference. Whereas, time spent in LPA was associated with the largest predicted difference in SBP. Together these data indicate that MVPA has the strongest association with metabolic health. Also, while increasing MVPA time is likely most beneficial for metabolic health in older women, targeted messages encouraging the maintenance of current MVPA levels may be a more feasible intervention goal as these older women continue to age.
Comparison with the literature
The 2018 Physical Activity Guidelines Scientific Advisory Committee identified evaluating LPA, alone or in combination with MVPA, as an overarching recommendation for future research studies (Physical Activity Guidelines Advisory Committee, 2018). Our study helps to narrow this gap in the literature on older women. Consistent with prior studies, the results from our multivariable linear regression analysis support the notion that MVPA has the strongest association with MetS (Peterson et al., 2014; LaMonte et al., 2017) . Our findings are in line with the findings from prior studies that report a beneficial association of LPA (Buman et al., 2010 Sep 15) and the detrimental association of sedentary time (Gennuso et al., 2013; Inoue et al., 2012; Stamatakis et al., 2012) with cardiometabolic health among older women. Additionally, the present study is in agreement with prior work indicating that higher sleep efficiency is inversely associated with cardiometabolic risk in older adults (Strand et al., 2015) .
In agreement with the current study, prior isotemporal substitution analyses found that replacing MVPA with other behaviors including sleep, sedentary, and LPA was associated with higher cardiometabolic risk among older adults (Hamer et al., 2014) . We observed that the opposite replacement (reallocating 5 min of sleep, sedentary, or LPA with MVPA) showed favorable impacts, of a smaller magnitude. The asymmetry of these results suggests that maintaining even a small amount of daily MVPA, not reallocating to other behaviors, may be more important than increasing MVPA time for the maintenance of cardiometabolic health among older women. Nonetheless, data from several longitudinal cohort studies have documented age-related declines in MVPA, particularly during the mid to late life transition (Pettee Gabriel et al., 2018) . This may in part be due to functional limitations, pain, or chronic disease, including multi-morbidity. For this reason, health promotion messaging focused on replacing sedentary time with LPA is considered more clinically relevant in this population. In the present study, women spent approximately 7 min per day engaged in MVPA compared to more than 280 min per day engaged in LPA. However, in our isotemporal substitution compositional data analysis, we found that the reallocation of 30 min to or from LPA only predicted a modest favorable change in MetS z-score. Results from our traditional linear regression analysis and isotemporal substitution compositional data analysis indicated that MVPA and LPA differentially associated with individual MetS components. In our traditional multivariable regression analyses, an increase of 10 min per day in MVPA specifically had an inverse association with waist circumference. Adding to this, our isotemporal substitution compositional data analysis found that reallocating MVPA to other behaviors was associated with the largest changes in waist circumference, triglycerides, and HDL-C. While these changes were hypothetical, they were of clinically relevant magnitudes (Lemes, 2018) . These findings are supported by prior studies that have reported an inverse association of MVPA with waist circumference using traditional multivariable regression analysis (Cooper, 2014; Shibata, 2016) and the unfavorable change of waist circumference, triglycerides, and HDL-C when 10 or 30 min of MVPA is reallocated to other behaviors (Chastin et al., 2015; Buman, 2013; Boyle, 2017) . Interestingly, LPA was associated with reduced risk of hypertension and isotemporal substitution compositional data analysis found that the reallocation of 30 min spent sedentary or sleeping to LPA was particularly associated with lower SBP. Consistent with the present investigation, several cross-sectional studies documented the inverse association between LPA and blood pressure in middle-aged adults (Khoja, 2016; Howard, 2015) . Hence, our results suggest that focusing on maintaining MVPA and increasing LPA may have the greatest overall benefit for the prevention of MetS.
Strengths and limitations
Traditional regression methods are not well suited for the analysis of co-dependent variables constrained to the sum of a whole (e.g. 100%). Compositional data analysis is a novel analytical method that allows for the meaningful inference of each composition element with respect to the reaming elements. This approach provides better insight into how co-dependent behaviors within a fixed 24-hour activity cycle may influence cardiometabolic risk. For example, results from both our traditional multivariable regression and compositional analyses confirmed that time spent in MVPA had the strongest association with MetS. However, the compositional data analysis method additionally allowed us to infer that the maintenance of MVPA, not reallocating it to other behaviors, is more importing than increasing time spent in MVPA. A second major strength of the present study is the use of objectively measured physical activity and sleep characteristics. This provides more accurate exposure estimates and is less prone to biases often associated with self-reported data.
However, there are several limitations to consider when interpreting the results of the current study. A relatively small sample size of the present study may affect the reliability of our results with low statistical power. The majority of participants in the present study were White older women; therefore, future studies are needed in diverse studies to examine potential differences in these associations by race/ ethnicity and other important individual-level factors. While this increases the internal validity of our study, our results and related inferences may be limited to this population. Additionally, the reallocation of 5 min away from MVPA reflects only 2 min of MVPA per day since the mean time spent per day in MVPA was 7 min in this analytic sample of older women. Therefore, while our methodological approach to define reallocation periods by intensity category is applicable to future studies, the reallocation of 5 min and this relation with MetS may not be generalizable to other study samples with a higher mean MVPA.
Freedson count cut-point threshold values were used to classify physical activity and sedentary time, which may not be applicable to older adults. The potential misclassification that can result when threshold values are applied to accelerometer count data to deriving more meaningful summary estimates may underestimate the association of physical activity and sedentary time with MetS. The use of waist-worn, uni-axial accelerometers is unable to detect upper body movement (e.g., resistance training) that may also contribute to improved health especially in older adults. Although the participants were relatively healthy and ambulatory, we could not adjust for self-rated health or functional status that may lead to reverse causality. Similarly, while sleep actigraphy is considered a valid field-based method to estimate sleep duration and quality compared to polysomnography (Weiss et al., 2010) , the actigraphy-based estimates provide indirect estimates of sleep. Lastly, given the cross-sectional nature of the current study, we cannot discern causality between waking and, sleep characteristics and cardiometabolic health. The findings of the current study need to be confirmed in longitudinal cohorts of men and women and in multiethnic groups.
Conclusion
In this cross-sectional study of older women, we found that MVPA and LPA were inversely associated with MetS z-score while sedentary time was positively associated with MetS z-score. Isotemporal substitution compositional data analysis further indicated that maintaining time spent in MVPA and the replacement of time spent in sedentary to LPA may be a beneficial strategy for improved cardiometabolic health in older women.
Clinical trial registraion number: NCT00005160.
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